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Abstract

Numerical simulations are used to investigate the transient shock physics and loads that arise when a
non-lethal blast wave impinges upon an unprotected human head located atop a complete, anatomically-
correct body. Two non-lethal, hemispherical blast waves, each of which corresponds to the detonation of a
high explosive charge, are considered for configurations in which the body is facing either towards or away
from the explosive charge. The shock wave interactions that arise when the blast wave impinges upon the
head are characterized and correlated with the resulting transient surface pressures, forces, and moments on
the head. The transient forces and moments are compared to those of an analytical model based upon the
work of Zaslavskii, et al. [J. App. Mech. Tech. Phys., 42(3):533-537, 2001], who derived expressions for
the drag force on an arbitrary-shaped body due to the interaction with a weak to moderate strength shock
wave. The results of this study indicate that Zaslavskii, et al.’s model provides a straightforward means of

estimating the transient loads on the head during a non-lethal blast wave interaction.
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1 Introduction

Traumatic brain injury (TBI) has emerged as the distinguishing injury of the wars in Iraq and
Afghanistan [15, 25]. The Defense and Veterans Brain Injury Center estimates that approximately 10 to
20% of all soldiers serving in these wars have suffered some form of TBI [2]. The prevalence of this type
of injury is due to the fact that more soldiers are surviving explosive blasts through improvements in body
armor and helmets, trauma evacuation, and hospital care [32].

When the human head is exposed to an explosive blast, injuries, such as diffuse axonal injury (DAI),
contusions, and subdural hemorrhaging, can occur to the brain [12]. DAI, which is caused by the stretching
or tearing of axons, often occurs at the interface of the white and gray matter in the brain and may be
produced by high pressure gradients that result when the blast wave passes through this interface [16]. The
blast forces can also lead to relative motion between the skull and brain, causing contusions at the locations
where the brain impacts the inside of the skull [36]. Additionally, the motion of the brain within the skull
can tear veins that bridge the brain surface and the dural venous sinus, leading to traumatic subdural
hemorrhaging [35]. Based upon observations that TBI can occur regardless of whether or not the head is
protected, others have theorized that TBI is caused when the blast wave passes through the torso into the
vascular system, producing pressure oscillations that travel through the arteries and veins into the brain and
damage structures close to cerebral vessels [2]. Others hypothesize that the high pressure blast wave ruptures
blood vessels, leading to free radical formation that can contribute to an increase in the permeability of the
blood brain barrier, cerebral edema, and enhanced inflammatory cellular responses [10]. The end result is
that soldiers who are exposed to non-lethal explosive blasts, often without external head injuries, exhibit
symptoms of dizziness, difficulty in decision-making, mood swings, fatigue, seizures, memory problems, and
sleep deficits [2, 22, 45].

In addition to animal model studies [5, 7, 18], several computational studies have been conducted in
order to gain a better understanding of the biomechanics of TBI caused by an explosive blast wave. Mott,
et al. [29] perform a series of simulations on a helmeted human model, which is comprised of a head and
simplified upper torso. The model is positioned three meters away from an explosive charge that produces
a non-lethal, yet injurious, blast wave. The results of the simulations reveal that while the helmet protects
the forehead, the blast wave can enter the gap between the helmet and the head, leading to high pressures
on the back side of the head. Varying the orientation of the model demonstrates that the highest pressures
on the head occur when it is positioned at 45° relative to the explosive charge. Moss, et al. [28] simulate the
exposure of a low fidelity human head and body to a non-lethal blast wave and observe skull deformations
that produce pressures and pressure gradients comparable to, if not greater than, those of a TBI arising
from an injurious blunt impact. Covering the head with a simplified Kevlar helmet does not reduce the
skull deformations since the blast wave enters the gap between the head and the helmet, leading to pressures

greater than those of the incident blast wave. Moore, et al. [27] and Taylor, et al. [38] model the blast effects
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on the upper portion of an unprotected human head geometry obtained from magnetic resonance imaging
data. In the study of Moore, et al., two blast sizes corresponding to the threshold level and to the 50%
lethal dose level for lung injury are considered. The blast waves are observed to propagate into the brain
and generate maximum tensile pressures at the sinus, gray matter, cerebral spinal fluid, skull, and white
matter. The intracranial pressures produced by the 50% lethal dose blast wave are shown to be comparable
to those of a blunt impact that would produce a concussive injury. Taylor, et al. expose the head model to
a non-lethal blast wave that has a 1.3 x 10° Pa pressure and identify localized regions of elevated pressure
and stress within the brain, which may contribute to the development of axonal injury.

While these studies have provided important insights into the potential causes of blast-induced TBI, there
remain several unanswered questions regarding the basic shock physics of a non-lethal blast wave interaction
with an unprotected human head. For instance, what types of shock wave reflections occur on the outside of
the head when the blast wave impinges upon a head situated atop a complete, anatomically-correct body?
How do these reflections contribute to the pressure distribution across the surface of the head? What are
the resulting forces and moments on the head during the blast wave interaction? And, can an analytical
model be developed to provide a straightforward means of estimating the transient blast loads on the head?
The purpose of the present study is to address these questions using computational fluid dynamics (CFD)

simulations of non-lethal blast wave interaction with a human head positioned on a body.

2 Computational Setup

The model used in this study is a generic, anatomically-correct representation of an adult male,
who has a height of 1.829 m and a body volume of 7.42 x 1072 m?® (Fig. 1). Assuming a nominal body
density of 1046 kg/m3, the effective mass of the model is m = 78 kg [20]. The model is positioned within
a hemispherical computational domain in a manner such that the top of the head, which is has a volume,
V, of 3.6 x 1073 m3, is located at (r,0,¢) = (4.572 m , 66.4°, 0°). On the ground beneath the model,
a slip boundary condition is specified and the velocity, u, pressure, p, and temperature, T, at z = 0 are
extrapolated from the interior of the computational domain. To reduce the computational resources needed
to run the simulations, a symmetry boundary condition is defined on the ¢ = 0° and 45° and 6§ = 45°
planes. Within these planes, the normal gradients of the computed variables are zero and their values are
extrapolated from the interior of the computational domain. The symmetry planes at ¢ = 45° and 6 = 45°
are located sufficiently far from the model such that the shock reflections from the head and body do not
reach these planes during the simulation time. By placing a symmetry boundary condition at ¢ = 0°, we
subsequently restrict ourselves to configurations in which the model is facing either directly towards or away
from the z = 0 plane. At r = 50 m, a pressure outlet boundary condition is specified (py = 101 x 103 Pa,
atmospheric pressure) and u and T extrapolated from the interior of the computational domain. On the

surface of the model, a slip boundary condition is specified.
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Two assumptions are made regarding the response of the model to the blast wave, which propagates
radially outward from the origin. First, we assume that the deformation of the model is negligible during
the blast wave impingement, which is consistent with the results of Moss, et al. [28], who showed that the
skull deflections are on the order of 50 x 10~ m during the interaction with a blast wave of comparable
overpressure to those of the present study. Second, we assume that the linear and angular displacements
of the model centroid are small during the blast wave interaction, thereby allowing us to keep the model
at a fixed location in the computational domain. The validity of this approach is evaluated by making the
assumption of a fixed, rigid model a priori, running the simulations with the largest blast size considered in
this study, and measuring the transient blast pressure force, F., and moment, M., on the model, where M,
is the moment about the y—axis at the model centroid, r.. Using F. = m~d2rc/clt2 and M, = Ic~d2£/dt2, we
then estimate what the linear and angular displacements would have been had the model been free to move
from rest, where I, = 12.9 kg-m? and ¢ are the moment of inertia and the angular displacement of the model,
respectively, about the y—axis at the model centroid. Since the acceleration due to gravity is much less than
that due to the blast wave, we do not include gravitational acceleration in the displacement calculations.
And for simplicity, the ground force acting on the feet of the model is not considered. The results of this
exercise demonstrate that the linear and angular displacements would have been at most 2 x 1072 m of the
model centroid and -0.02 degrees about the model centroid, respectively, over the course of the simulation.
Given that the blast wave produces net displacements that are relatively small in comparison to the size of

the model, the assumption of employing a fixed model in this study is justified.

2.1 Simulation code

The u, p, T, and density, p, fields that arise during the interaction of the blast wave with the model are solved
using a finite-volume code, STAR-CCM+ [33]. The air within the computational domain is assumed to be
an inviscid, polytropic, ideal gas [8] with a specific heat at constant pressure, c,, of 1004 J/kg-K and with a
value of v = ¢, /¢, = 1.4, where ¢, is the specific heat at constant volume. The time derivatives in the coupled
conservation of mass, momentum, and energy equations are discretized with a second-order, explicit, multi-
stage, time-stepping scheme [17], while the convective fluxes are evaluated using a second-order, upwind,
flux-difference splitting scheme [40, 41]. The time step size is evaluated by means of the Courant number,
which has a maximum value of 0.5. The simulations are initialized by setting off a hemispherically-shaped,
high explosive (HE) charge that is placed at the origin (Fig. 1). Two HE charge masses, mpyg and bmpg
(where mpg is equivalent to 0.6 kg of TNT), are considered, both of which are non-lethal for a human in
an upright position at this standoff distance [3]. Since the finite-volume code used in this study does not
possess the framework for modeling the equation of state of a HE [21], we utilize an alternative approach
of replacing the volume filled by the HE with air that has the same specific energy density, EFyg, as the
HE charge, where Ep g would equal 7 x 10° J/m3 for TNT [9]. The initial pressure, pg g, and temperature,
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TyE, of the air within this volume are then obtained from pygp = Egg - (y— 1) and ¢, - Tyg = Exr/po,
respectively, where py = 1.184 kg/m? is the density of air. Additionally, the velocity within this volume is
initially zero. Outside of the HE charge, the pressure, temperature, and velocity of air are set to pg, 300
K, and 0 m/s, respectively. The governing equations are then solved within the computational domain on
an unstructured, Eulerian, volumetric polyhedral mesh [33] with a surface resolution of 2 x 1073 m on the
entire surface of the model.

Propagating the blast wave radially outward from the HE charge requires a considerable level of mesh
resolution in order to maintain the steep flow field gradients in all three dimensions until the time that
the blast wave first impinges upon the model. To avoid the computational expense associated with this
approach, we take advantage of the spherical symmetry of the blast wave and utilize a “one-dimensional”
spherical mesh, which is one element wide in the ¢ — 6 plane and has symmetry boundary conditions on
the constant ¢ and 6 planes. Using this mesh, the blast wave is propagated in the radial direction from the
time ¢ = 0 until the time at which the blast wave front is just upstream of the model (r = 3.95 m). At that
time, the u, p, and T fields from the “one-dimensional” solution are employed as initial conditions for the

three-dimensional simulations.

2.2 Code validation

The accuracy of modeling the HE charge as a high temperature and pressure ideal gas is validated by
comparing the “one-dimensional” solution with empirical data from a hemispherical surface blast of the
same HE charge size (Fig. 2a-b) [39]. A similar validation approach is taken in the blast wave simulations
of [6, 29]. The transient pressure profiles used for this comparison are taken from the locations r = 1.524,
3.048, and 4.572 m. While there are relatively large differences in the peak pressures and arrival times of the
blast wave at the closest radial location, there is better agreement at the larger radial locations, where the
initial details of the explosive blast become less important. Repeating the “one-dimensional” simulations on
meshes that have an increasing resolution in the radial direction (0.008, 0.004, 0.002, 0.001, and 5 x 10~*
m) demonstrates a mesh-convergent trend, where the shock front Mach numbers, incident pressures, p;,
and relative shock strengths, € = (p; — po)/Ypo, for the two charge sizes are 1.14, 136 x 10® Pa, 0.25, and
1.33, 189 x 103 Pa, and 0.62, respectively, at r = 4.572 m. The corresponding shock front Mach numbers,
incident pressures, and relative strengths from the empirical data [39] are 1.12, 138 x 10% Pa, and 0.26,
and 1.34, 202 x 103 Pa, and 0.71, respectively. The larger difference between the computed and empirical
incident pressure for the 5mpyp charge is understood by calculating the scaled distance, Z = r/mpy g% and
r/(5mug)?, at r = 4.572 m for the two charge sizes, respectively [6, 14, 19]. Since Z is smaller for the 5my g
charge, the physics of the HE detonation process that are not entirely captured by the ideal gas equation of
state have a slightly greater influence on the blast wave properties at r = 4.572 m than those of the mygg

charge, which is at a larger scaled distance.
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To determine the accuracy of the finite-volume code in predicting the transient forces that arise during
the blast wave interaction with the model, we perform a validation simulation on the interaction of a planar
shock wave with a sphere. In the study of Tanno, et al. [37], a 0.08 m diameter sphere is placed within a
shock tube and exposed to a planar shock of Mach number 1.22, which is comparable to the blast wave Mach
numbers at r = 4.572 m in the present study. We simulate this experimental setup within an axi-symmetric
computational domain using the modeling approach described previously and make a comparison between
the computed and experimental drag force coefficient on the sphere. The time ¢ = 0 is taken to be the
instant at which the shock wave arrives at the frontal stagnation point, a = 0°. There is fair agreement
between the computed and experimental drag force coefficient, C,, during the shock wave interaction, where
Cp = Fw//%piUfSo, F,/ is the drag force on the sphere, p; = 1.66 kg/m3 and U; = 114 m/s are the fluid
density and velocity, respectively, behind the incident shock front, and Sy = %(0.08)2 is the maximum
cross-sectional area of the sphere (Fig. 3a). The present simulations even capture the negative drag force

coefficient that arises during the latter portion of the shock wave interaction.

2.3 Drag and lift force model

The drag force coefficient of the sphere is also compared to the theoretical model of Zaslavskii, et al. [44],
which estimates the force on an arbitrary-shaped body during the interaction with a weak to moderate
strength (e < 0.3 — 0.5) planar shock wave. Using the theory of geometrical acoustics [11], Zaslavskii, et
al. provide an estimate for the transient decay of the reflected shock wave pressure on the surface of a
body, which is divided into two regions. The first region, o,., is defined to be that which corresponds to the
angles of shock wave incidence %,6’* < B < % where regular reflection (8* < 8 < %) and Mach reflection
(%ﬁ* < B < B*) occur, where § = & — a, a is as shown in Fig. 3a, and #* is the minimum angle of incidence
(critical angle) for which regular reflection is possible [8]. The second region, oy, corresponds to the angles
of incidence —% < 3 < 23* where Mach reflection (0 < 3 < 23*) and shock wave diffraction (=% < 8 < 0)

occur. The portion of o, intersected by the shock is taken to have a surface pressure equal to

Pnr — Di
(1+ N;(t —t0)/d0)” L

while the portion of o, intersected by the shock is taken to have a surface pressure of p,, = p;, where N;

Do, = Di +

is the speed of the incident shock wave, §y is the characteristic radius of curvature of the body, ¢y the time
when the shock wave first makes contact with the body at 3 = 7, w is a damping coefficient that is equal to

0.5 for a cylinder and 1.0 for a sphere,

1—|—,u2} @)

pm=po+(pi—po)[1+p—2
T

is the pressure due to normal reflection of the shock wave, and p? = (y — 1)/(y + 1) [8]. Zaslavskii, et al.
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show that the resulting transient force, F}, on the body in the direction of the shock wave propagation, z’,

can be approximated by

_ o Pnr — Pi ,

¢

for t) <t <t’ and by
p=3% =35

Pnr — Di
(1+ Ni(t —t0)/60)”

Fp = (pi - pO)SZE'(t) + Sarrt (4)

for t)ﬂ 15 <t < t‘g , where S,/ (t) is the transient cross-sectional area of the body in the z’ plane
=3 * s

2
intersected by the shock wave front on either region o, or oy and S,/ is the cross-sectional area in the x’

plane intersected by the shock wave front at ¢

, .- In Eq. 3, the first term is due to the overpressure of

the incident shock wave, while the second term arises from the reflection of the incident wave and decays in
time according to the theory of geometrical acoustics. After the incident wave passes beyond 5 < % 6%, the
pressure force on oy is due only to the incident overpressure, which is the first term in Eq. 4. The second
term in Eq. 4 is the additional force on o, due to the reflected pressure, which continues to decay as ¢~%.
Zaslavskii et al.’s theory can also be extended to provide an estimate of the lift force, F, perpendicular to
the direction of shock wave propagation. For this estimate, the area, S,/ (t), in Eqs. 3-4 is replaced with the
projected cross-sectional area, Sy (t), in a y’ plane intersected by the shock. Similarly, S,/ is replaced with
the projected cross-sectional area, Syr¢, in a y’ plane of the entire o, region. For a completely enclosed body,
such as a sphere, the net lift force is predicted to be zero by Eqs. 3-4 since equal pressures are assumed to act
on both sides of S,/ (t) and S,/ during the entire shock wave interaction. Thus, the only means Zaslavskii
et al.’s model can produce a finite force in the y’-direction is by evaluating Eqgs. 3-4 on an unenclosed body.
In that case, the sign of S,/ (t) and S,/ is understood to be positive for the unenclosed cross-sectional area
with a normal vector in the +y’-direction and negative for the unenclosed cross-sectional area with a normal
vector in the —y’-direction.

In the experiment conducted by Tanno, et al. [37], po = 101 x 103 Pa and p; = 159 x 103 Pa, giving a
value of € = 0.41, which is within the range of applicability of Egs. 3-4. In addition, the speed of the incident
shock wave is N; = 414 m/s, the critical angle of incidence is §* ~ 33° [1, 37|, and the radius of curvature of
the sphere is dp = 0.04 m. Inserting these values and those of S,/ (t) and S,/ ¢, which are obtained from the
present validation simulation of Tanno, et al., into Egs. 3-4 produces a transient drag force coefficient curve
(Fig. 3a), which captures the general trend of the experimental data, but over-predicts the magnitude of C,.
We use Egs. 3-4 to estimate the lift force on only one half (y > 0) of the sphere, such that S,/ (t) and S/,
are taken to be negative on the downward facing, unenclosed cross-sectional area. A comparison of the lift
force coefficient, Cyy = Fy// % piU2S), in the y'-direction with the corresponding simulation results indicates

that Eqs. 3-4 capture the initial trend of C, (Fig. 3b). However, the magnitude of Cy is over-predicted
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at later times. A plot of p(a) (Fig. 3b, inset) demonstrates that these discrepancies in C,s and C,/ are
produced by theoretical pressure values on both o, and o; that can be greater than those of the simulation
results.

Despite these differences, we anticipate that Zaslavskii, et al.’s model may offer a rather simple means
of approximating the transient force on the head during the blast wave interaction. Equations 3-4 can also
be modified to estimate the moment produced by the blast wave on the head. In Section 3.3, we derive the
theoretical moment using Egs. 3-4 and make a comparison between the predicted forces and moment and

those of the present computational study.

2.4 Mesh refinement simulations

Having determined the accuracy of the finite-volume code in both propagating a hemispherical blast wave
and predicting the force during a shock wave interaction, we conclude this section by performing a mesh
refinement study for the three-dimensional computational domain (0 < r < 50 m, 0° < ¢ < 45°, 45° <
6 <90°). While a 0.001 m radial resolution is sufficient for propagating the blast wave from the HE charge
to the model on a “one-dimensional” mesh, this high level of spatial resolution is not necessarily required
at the nominal radial location of the model head (r = 4.572 m). To determine what resolution is needed,
we perform simulations in the three-dimensional domain with mesh resolutions of 0.016, 0.008, and 0.004
m in the volume surrounding the upper portion of the model. The simulation is initialized with the u, p,
and T fields from the 0.001 m resolution, “one-dimensional” solution at a time when the blast wave front
is just upstream of the feet of the model (r = 3.95 m). This exercise is repeated on four configurations:
mpyE charge, no model present; 5mpgp charge, no model present; myg charge, frontal-facing model present;
and b5mygg charge, frontal-facing model present. The blast pressure profiles for the first two configurations
exhibit a mesh-convergent trend and compare favorably with the pressure profiles from the corresponding
“one-dimensional” solution (Fig. 2a-b, inset). Additionally, the pressures across the surface of the model
head for the last two configurations exhibit a mesh-convergent trend for both blast sizes (Fig. 4). Therefore,

the 0.008 m resolution meshes are used in this study.

3 Results and Discussion

The simulations for the 35x 10% and 88 x 10? Pa overpressure (p; —po) blast waves are run until ¢ = 11.3 x 102
and 9.9 x 1073 s, respectively, at which time the blast waves have propagated downstream of the model. In
the following sections, the resulting shock wave reflections that arise when the blast wave impinges upon the

head are characterized and correlated with the transient surface pressures, forces, and moments on the head.
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3.1 Blast wave interactions

When the blast wave strikes the model, it produces a number of shock wave reflections from the
head. For the frontal blast cases, the first reflection from the head, which arises at the locus R;, begins
when a portion of the incident wave, w;, impinges directly upon the chin and mouth (Figs. 5a, 6a) to form
a reflected shock wave, we,, which has a varying curvature due to the complexity of the facial features. A
portion of the incident wave advances beneath the chin and reflects from the neck at the locus R, (Fig.
6b). The resulting reflected wave, w,, propagates in the -x—direction and expands down the chest and up
to the chin. As the remaining portion of the incident wave passes over the concave indentations formed by
the eye sockets, the wave is both focused and reflected. Within the y = 0 plane, this reflection generates
two waves that originate from the top, wes,, and bottom, wes,, of the eye sockets (Fig. 6b). At later times,
these two waves merge to form a single reflected shock front, w.s (Fig. 6¢). A Mach stem, M}, forms on
w; and wes at the top of the forehead (Fig. 6¢) at d,p ~ 0.4 m (a ~ 85°), where d,; and a are shown in
Fig. 6f and « is defined to be the angle relative to the line joining the center of gravity (c.g.) of the head
to the origin of the computational domain. The locus of the resulting triple point, 7},, which is identified by
fitting the w; and wes waves in the y = 0 plane with two second-order polynomials and by computing their
intersection point, is a straight line oriented at approximately 36° with respect to the line, z’, joining the
origin to the centroid of the head (or about 60° to the horizontal, Fig. 6¢c-d). This triple point path angle
is comparable to that resulting from the interaction of a shock wave with a circular cylinder or sphere. For
these simpler geometries, the triple point nominally follows a straight line that is oriented at approximately
30° to 34° with respect to the axis of symmetry [4, 13, 31, 42, 43, 46]. Due to local variations in surface
curvature and multiple reflections that occur along the neck, a single Mach stem does not develop uniformly
over the entire head and neck. Consequently, the Mach stem, M,,, emerging at the back of the neck does not
necessarily originate at the same time as Mj,. Eventually, these Mach stems completely envelop the entire
head, though due to varying amounts of shock diffraction, this envelopment does not take place at a single
point, as evidenced by the p-shaped signature, p., in the density gradient field at the back of the head (Figs.
5f, 6e).

The second most predominant reflection from the head arises as a result of the incident wave that reflects
off the front of the torso at the locus R, forming the wave, w; (Figs. 5b, 6a). Moss, et al. [28] and Mott, et
al. [29] observe a similar type of reflection from a simplified model of a human head and torso. The w; wave
travels up the chest and neck, where it impinges normally upon the lower jaw, producing a reflected wave,
wj, at the locus R; (Fig. 6¢). Continuing its upward motion over the face and head, w; produces additional
reflections from eye-sockets (Fig. 6e). At much later times (not shown), w; detaches from the top of the
head and merges with a Mach stem that is produced following the envelopment of the head by the Mach
stems, My, and M,.

A similar sequence of events is present for the blast wave striking the back of the head (Fig. 5g-j, 7a-d).
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Initially, a regular reflection of the incident wave forms the reflected wave, wy;,. Though due to a smoother
surface topology, fewer reflections occur as the incident wave passes over the back of the head. A Mach
stem, M}, develops on the w; and wp, waves within the y = 0 plane at d,;, ~ 0.5 m (Fig. 7b). Similar
to the frontal blast configuration, the locus of the resulting triple point is also approximated by a straight
line oriented at approximately 36° with respect to the line joining the origin to the centroid of the head (or

about 60° to the horizontal, Fig. 7d).

3.2 Blast wave pressure signatures

These blast wave interactions lead to distinct transient pressure signatures across the surface of the head.
The incident wave from the frontal blast initially generates a concentrated pressure increase that is centered
on the mouth (Fig. 6f, d,; =~ 0.2 m). This pressure signature quickly spreads within the y = 0 plane as
the incident wave continues its motion over the head and below the chin. At sites of multiple reflections,
constructive interference produces significantly elevated surface pressures. This is especially evident when
the w; wave interferes with the waves that have been reflected from the neck and the base of the jaw (Fig.
6g, d,,, = 0.075 m; Fig. 6h, d,;, = 0.14 m). The resulting instantaneous surface pressures on the throat and
chin are greater than the reflected pressure, p,. (Eq. 2), that would have been generated had the incident
wave normally reflected off of the surface at r = 4.572 m. The pressure also increases as the incident wave
travels over the eye-sockets (Fig. 6g, d,,, = 0.29 m). For points downstream of the location where the Mach
stems first form (Fig. 4c-f, i-1), the pressure approximately follows the behavior of the incident pressure of
an isolated blast wave. However, when the Mach stems converge, a local maximum in pressure occurs at the
e location (Fig. 6j, d,,, = 0.58 m), an observation also seen for the interaction of a blast wave with a bomb
suit helmet [24] and during the convergence of Mach stems at the rear stagnation point of a circular cylinder
[13] or a sphere [37]. For the backward facing blast, the pressure at the junction of the neck and base of the
head also exceeds p,,, when constructive interference arises between the w; wave and the wave, wyy,, that is
reflected from the back of the head (Fig. 7e, d,,, = 0.7 m). Shock diffraction due to presence of the neck
and body is especially evident for the backward facing orientation at the front of the neck (Fig. 8f), where
there is a distinct lag between the arrival time of the Mach stem and the isolated incident blast wave. In
a manner similar to that of the frontal blast, points located downstream from where the Mach stem forms
(Fig. 8c-e) are subjected to pressures that are comparable to those of an isolated blast wave. Additionally,
a local maximum in pressure arises on the forehead at the p. location when the Mach stems converge (Fig.
Th, dnp =~ 0.35 m).

Further details of these blast wave interactions are obtained by means of spatial-temporal plots of the
pressure along the head and neck at y = 0. The plots for the two frontal blast cases (Fig. 9a,c) appear
qualitatively similar and reveal that pressures in excess of pg+ 0.5(pnr — po) arise from the neck to nearly the

top of the head (d,, < 0.4 m) within approximately the first 0.7 x 1072 s after the initial impingement of
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the incident wave upon the mouth of the model. After the passage of the incident wave, there is a decrease
in pressure below pg + 0.5(pn — po) from the base of the jaw to the nose (d,, = 0.15 to 0.25 m) followed by
a secondary increase due to the arrival of the w; wave. When the Mach stems converge at the u. location
(dpn ~ 0.57 m, t = 8.1 x 1073 s for the 35 x 103 Pa overpressure blast wave; d,,;, ~ 0.57 m, t = 5.9 x 1073 s
for the 88 x 103 Pa overpressure blast wave), the pressure momentarily increases above pg + 0.5(p,, — po) for
both frontal blast cases. The pressure eventually drops below atmospheric pressure, as would be expected
due to the negative phase of the blast wave. For the 88 x 10 Pa overpressure blast wave, there is a small
region at the back of the neck (d,;, = 0.62 to 0.72 m, t = 6.6 x 1072 to 8.7 x 1073 s) that experiences
pressures as low as 70 x 103 Pa due to flow separation arising from the induced motion of a counter-rotating
vortex pair (not shown) that originates from the base of the head. The appearance of this vortex pair may,
perhaps, be a three-dimensional counterpart of the vortical structures observed in Ofengeim & Drikakis [31]
for the interaction of a blast wave with a circular cylinder.

For the two backward facing cases, the spatial-temporal plots also appear qualitatively similar to one
another (Fig. 9b,d). Pressures in excess of pg + 0.5(pn, — po) exist across the back of the neck and head
(dyn > 0.5 m) over the first 0.4 x 1072 s following the impingement of the incident wave upon the back of
the head. However, unlike the frontal facing case of the 88 x 10% Pa overpressure blast wave, there is no
sub-atmospheric pressure signature at y = 0 from the counter-rotating vortex pair. In this case, the vortex
pair forms on either side of the neck (not shown), producing sub-atmospheric pressures at the junction of
the jaw and the head. Additionally, the pressure remains below pg 4+ 0.5(pnr — po) when the Mach stems

converge at the p. location.

3.3 Transient forces and moments

These shock wave interactions produce transient forces (Fig. 10) on the head that are computed from
F=—| s, 1 dS where n is the unit normal of the head surface and S}, is the surface area of the head. For
the frontal blast cases, the force, F,/, on the head in the x’-direction rises to a maximum value when the w;
wave approaches the top of the forehead (d,; =~ 0.4 m). In the backward facing blast cases, a similar trend
occurs in which F), has a maximum value when the w; wave is located near the top of the head (d,, =~ 0.5
m). As the w; wave travels to the downstream side of the head, F,, decreases and, at later times, reverses
sign and falls to a minimum value that is less than zero, a result which is similar to the negative drag values
that arise during the latter stage of a shock wave interaction with a sphere or cylinder [23, 31, 34, 37]. The
force, F,/, in the z’-direction is negative while the blast wave propagates over the head. In both frontal
facing cases, a local maximum in F,, occurs when the vertically traveling w; wave reflects off of the jaw at
t =7.64 x 1072 and 5.50 x 103 s for the 35 x 10% and 88 x 10® Pa overpressure blast waves, respectively.
Due to a smoother geometric transition from the neck to the head, this local maximum is not present for the

backward facing cases. The maximum value of the total force on the head, F,/.» = \/F2 + F2, increases by
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about three times as the blast overpressure is increased from 35 x 103 to 88 x 10® Pa for each body orientation.
However, by using the Buckingham-Pi theorem [30], it can be shown that the non-dimensional maxima of
F,, are relatively independent of the HE charge size and are equal to C(pg c3 Eg)% =C(vpo - Eg)%, where
¢p is the speed of sound in the quiescent fluid, Ey = Egyg - mug/pue (or Exg - 5mpgr/puE) is the energy
of the HE charge, py g is the density of the HE charge (which would equal to 1600 kg/m?3 for TNT [9]), and
C is a constant of proportionality that is found from Fig. 10 to equal 0.001 for both blast sizes and body
orientations.

The forces that arise on the head during the blast wave interaction can be compared with those predicted
by the analytical model of Zaslavskii, et al. [44]. However before applying this model to the present study,
a number of assumptions must be made. The first is that the incident blast waves are weak to moderate in
strength, i.e., € < 0.3 — 0.5. While this is true at the nominal location of the head (r = 4.572 m) for the
35 x 103 Pa overpressure blast wave in which € = 0.25, it is not true for the 88 x 103 Pa overpressure blast
wave in which € = 0.62. Therefore, discrepancies may arise between the theoretical and computational force
values. Second, the assumption is made that the shock front speed, IV;, does not decrease significantly while
the blast wave passes over the head, thereby allowing this quantity to be taken as a constant in Eqgs. 3-4.
Evaluation of the isolated blast simulations reveals that at r = 4.572 m, N; is equal to 397 and 460 m/s for
the 35 x 10% and 88 x 102 Pa, overpressure blast waves, respectively, and that these values are constant to
within less than 0.5% over the period of time during which the incident blast wave intersects the head. On
the other hand, the incident pressure, p;, decreases by as much as 15% from its initial value over the same
time period for the 88 x 103 Pa overpressure blast wave. Thus, Eqs. 3-4, which assume a constant value for
pi, may produce values of F, and F,, that are larger in magnitude than those of the simulations. The next
assumption is that the transition from regular to Mach reflection of the incident blast wave occurs at one
instant in time over the entire head. Due to the geometric complexity of the head surface and the multiple
shock reflections, transition does not occur simultaneously across the entire head, as would be the case for an
isolated, axi-symmetric body, such as a sphere. Therefore, the definition of a single critical transition angle,
B* = % —a*, is somewhat subjective. For the sake of this exercise, 3* is taken to be the angle at which the
Mach stem, Mj, first forms on the w; and w.s waves at y = 0. The resulting values of 5* are approximately
12° and 23° for the frontal and backward facing cases, respectively, with the 35 x 103 Pa overpressure blast
wave and approximately 16° and 24° for the frontal and backward facing cases, respectively, with the 88 x 103
Pa overpressure blast wave. The final assumption is that the incident blast wave can be approximated by
a planar shock front at r = 4.572 m. If the nominal radius of curvature of the head, dy, is calculated from
V = %mSS’, where V' is the volume of the head, the quantity, §y/4.572 m, is found to be equal to 0.02,
indicating that the curvature of the blast wave front can be safely ignored for the head at this standoff
distance.

With these assumptions in mind, we calculate the transient force on the head predicted by Eqgs. 3-4,
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where w is set to 1 and p; is taken to be the incident pressure at the location when the w; wave first intersects
the head (d,; = 0.167 m and 0.662 m for the frontal and backward facing cases, respectively). The values
of Sy (), Serrt, Su(t), and S,/ are obtained from the simulations and computed in such a manner as to
account for the geometric shielding effect that the neck has upon the lower, downstream portion of the head.
As is evident in Fig. 10, Zaslavskii, et al.’s model captures the behavior of the transient forces on the head
fairly well, though it distinctly over-predicts the maximum values of |F,/| and |F,/| for both frontal facing
cases.

The moment imparted to the head by the blast wave is also calculated from the simulations using the
relationship M,.e, = — fSh (r — roe) X pn dS, where ey is the unit vector in the y-direction and r,. is
taken to be the rotational point of the head at the base of the skull, which is approximately the location
of the occipital condyles (Fig. 11a) [26]. For the frontal blast cases, M,. (Fig. 1la-b) is initially positive
and increases to a local maximum when the incident wave is located at the top of the forehead (d,, = 0.4
m). This is followed by a secondary increase to an overall maximum value, which occurs as the vertically
travelling w; wave reflects off of the jaw and provides an additional contribution to M,.. As the Mach stems
travel to the back of the head, M,. decreases and eventually becomes negative. Aside from lacking two local
maxima, the trends in M, for the backward facing cases appear qualitatively similar to those of the frontal
blast cases (Fig. 11c-d). Like F,, and F,/, M, is based upon the surface integral of the blast pressure across
the head and, thus, when normalized by |rcg — roc|(7po - Eg)%, the maxima of M, collapse to values about
equal to 0.001 for both blast sizes and body orientations, where |r.; — roe| = 5.71 x 1072 m is the distance
from the center of gravity of the head to the occipital condyles.

Lastly, a comparison can be made between the simulated moment and that from Zaslavskii, et al.’s model
through a modification of Eqs. 3-4. We take the center of pressure of the blast force on the head to be
located at rep,(t) = (21,(t),0, 2;,(t)), where x,(t) is the 2’ component of the area centroid of S./(t) and

/

Z¢,(t) is the 2’ component of the area centroid of S, (t). It then follows that the moment on the head about

the occipital condyles can be estimated from

Mocey = (Tep(t) = Toc ) x |:(pi )t ]\Z o :foi) /50)4 (S (t) ear + S2r(8) e (5)

for ¢

W<t<t

and by
2 ’5:%5*

Moce, = (Fep(t) = Toc) X (pi = Po) |Sur() exr + Sur(t) €| +

(rcp(t)ﬂ:%ﬂ*) ~Toc) X i 15@ :fo”) %

[Sm'rteg;' + Sz’rtez’:| (6)

for ¢ ,. <t< t’,@ . It is evident from Fig. 11 that this theoretical moment nominally follows the
=%

trends of the simulated moment, but over-predicts the maxima for both the frontal and backward facing
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cases. In addition, the secondary increase in M,. due to the reflection of the w; wave off of the jaw for
the frontal facing cases is not present since Eqs. 5-6 account only for the moment due to the incident blast

wave.

4 Conclusions

Through this computational study, we have investigated the interactions of non-lethal, hemispherical
blast waves with the front and back of a human head situated atop an anatomically-correct body. For
the blast sizes and body orientations considered, the predominant shock wave interactions with the head
arise from the reflection of both the incident blast wave and the shock wave that is reflected from the torso.
Constructive interference from multiple shock reflections at the junction of the head and neck for either body
orientation produces local surface pressures that are significantly greater than that of a normal reflection
of the incident blast wave. On the other hand, the surface pressure on the downstream side of the head is
approximately equal to the transient incident pressure of an isolated blast wave during the majority of the
interaction. Though, an increase in pressure is observed to occur at a localized region on the downstream
side of the head where the Mach stems converge upon themselves. For the orientation in which the body
faces the blast, the added geometric complexity of the facial features produces further shock wave reflections
and interactions, resulting in elevated surface pressures across such areas as the eye-sockets and brow.

The transient forces and the moment on the head about the base of the skull are evaluated from the
simulation data. Within 0.2 x 1073 to 0.4 x 103 s following the impingement of the blast wave, the net force
and the moment on the head reach maximum values, which when properly non-dimensionalized, collapse
to single values for both body orientations and blast sizes. As the incident blast wave continues to envelop
the head, the drag force and moment quickly decrease and reverse sign. We apply Zaslavskii, et al.’s force
calculation model to the head geometry and modify the model to compute the moment on the head during
the blast wave interaction. A comparison between the analytical and simulated results demonstrates that
Zaslavskii, et al.’s model captures the general behavior of the forces and moments on the head for both the

frontal and backward facing non-lethal blast wave interactions.
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Figure 1: Human model and computational domain (the head geometry is highlighted in light gray).

Figure 2: Transient pressure signatures at r = 1.524, 3.048, 4.572 m for the a) 0.6 kg and b) 3 kg equivalent
TNT charges from the “one-dimensional” isolated blast simulations (5 x 10~* to 0.008 m mesh resolutions).
Inset: transient pressure signatures at » = 4.572 m for the “one-dimensional” (0.001 m mesh resolution) and

three-dimensional (0.004 to 0.016 m mesh resolutions) isolated blast simulations.

Figure 3: a) Transient drag and b) lift force coefficients for a 0.08 m diameter sphere during the interaction
with a planar shock wave of Mach number 1.22. The simulated values are for meshes with 45 x 103 to
648 x 10% cells. Inset: pressure distribution on the sphere at t = 200.5 x 1076 s from the simulations and
from Zaslavskii, et al.’s [44] model. Note that the values of C; and C/ from Eqs. 3-4 are plotted only over
the time during which the shock front intersects the sphere and C, is computed over only one half (y' > 0)

of the sphere.

Figure 4: Transient pressure signatures on the surface of the head at y = 0 for the a-f) 35 x 10* Pa and

g-1) 88 x 10® Pa overpressure blast waves for different mesh resolutions (frontal facing orientation).

Figure 5: Density gradient contours across the surface of the model for the a-f) frontal and g-1) backward
facing blast orientations (88 x 10% Pa overpressure blast wave). t = a) 5.286 x 1072 s, b) 5.351 x 1073 s, c)
5.401 x 1073 5, d) 5.562 x 1073 s, ) 5.682 x 1073 s, f) 5.872 x 1073 5; ¢ = g) 5.400 x 1073 s, h) 5.420 x 1073
s, 1) 5.460 x 1073 s, j) 5.580 x 1073 s, k) 5.820 x 1073 s, 1) 6.000 x 1073 s.

Figure 6: a-e) Density gradient contours and f-j) pressure profiles at y = 0 for t = a,f) 5.236 x 1073 s, b,g)
5.396 x 1073 s, ¢,h) 5.522 x 1073 s, d,i) 5.687 x 1073 s, e,j) 5.862 x 1072 s (frontal facing orientation with
the 88 x 10% Pa overpressure blast wave). The locus of the triple point, T}, is denoted by the dashed line
oriented at 60° to the horizontal in d). The vertical dashed lines in {-j) denote the start and end of the head

along dp.

Figure 7: a-d) Density gradient contours and e-h) pressure profiles at y = 0 for t = a,e) 5.460 x 1072 s, b,f)
5.660 x 1073 s, ¢,g) 5.820 x 1072 s, d,h) 6.000 x 1073 s (backward facing orientation with the 88 x 103 Pa
overpressure blast wave). The locus of the triple point, T}, is denoted by the dashed line oriented at 60° to

the horizontal in d). The vertical dashed lines in e-h) denote the start and end of the head along d,p.

Figure 8: Transient pressure signatures on the surface of the head at y = 0 for the 88 x 10® Pa overpressure

blast wave (backward facing orientation).
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Figure 9: Spatial-temporal plots of the pressure along the head and neck at y = 0 for the a,c) frontal and
b,d) backward facing orientations corresponding to the a-b) 35 x 103 Pa and c-d) 88 x 10® Pa overpressure
blast waves. The horizontal dashed lines denote the start and end of the head along d,;. The contours
highlight pressures that are equal to pg + 0.25(pn — po) (solid white), po + 0.5(ppn — po) (dashed white), and
Pnr (solid black), where p,,,. is the pressure due to the normal reflection of the incident blast wave (Eq. 2) at
r = 4.572 m and pg is atmospheric pressure, 101 x 10% Pa. The white, dashed-dot contours denote pressures

that are less than pg.

Figure 10: Transient forces on the head for the a-b) frontal and c-d) backward facing cases with the a,c)
35 x 10 and b,d) 88 x 10 Pa overpressure blast waves. Note that the values of F,, and F,/ from Egs. 3-4

are plotted only over the time during which the shock front intersects the head.

Figure 11: Transient moment on the head about the occipital condyles (®) for the a-b) frontal and c-d)
backward facing cases with the a,c) 35 x 103 and b,d) 88 x 10® Pa overpressure blast waves. Note that the
values of M, from Eq. 5-6 are plotted only over the time during which the shock front intersects the head.
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Figure 7. Ortega.
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Figure 8. Ortega.

28



Non-lethal blast wave interactions with a human head, Ortega, April 19, 2010

7.0

t(10%s)

8.0

7.0

Figure 9. Ortega.
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Figure 10. Ortega.
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Figure 11. Ortega.



